The sludge-shifting sequencing batch reactor (SBR) is an enhanced biological phosphorus removal (EBPR) process for wastewater treatment. In this study, the enrichment of phosphorus accumulating organisms (PAOs) will be attempted by using different high concentration of substrates. In sludgeshifting SBR, activated sludge can be continuously shifted from the bottom of SBR to anaerobic zone/ selector, which contains high concentration of substrates, through an orderly reflux between the paralleled SBRs. Denaturing gradient gel electrophoresis (DGGE) methods were used to monitor microbial diversity in sludge. Fluorescence in situ hybridization (FISH) was used to determine the microbial population profile and distribution map under different sludge shifting volumes. The synthesis of intracellular polymers in this process was also analyzed. Phosphorus removal efficiency as high as 96% ± 1.3% was achieved under a sludge shifting ratio of 30%. Synthetic efficiencies of polyhydroxybutyrate (PHB) by PAOs were improved at high sludge shifting ratios. FISH results demonstrated that the population of PAOs in the process increased under properly sludge shifting ratio and it significantly improved phosphorus removal efficiency. Sequencing results indicated that determined sequences (11 OTUs) belonged to Proteobacterium, Actinobacteria and Firmicutes, Pseudomonas kuykendallii, which played an important role in the process of P removal.
INTRODUCTION
Enhanced biological phosphorus removal (EBPR) process is a very efficient technology for removing phosphorus from municipal wastewater. EBPR relies on the enrichment of phosphorus accumulating organisms (PAOs) in activated sludge by alternating anaerobic/aerobic conditions. Under anaerobic conditions, PAOs consume carbon sources, primarily volatile fatty acids (VFAs), and store them in the form of polyhydroxyalkanoates (PHAs), meanwhile and release orthophosphate simultaneously (Liu et al. ) . Under aerobic conditions, PAOs assimilate and bond orthophosphate to produce Poly-P.
Glycogen accumulating organisms (GAOs), which are considered a major competitor of PAOs, also proliferate in the EBPR process and lead to EBPR failure (Guo et al. ) . Both PAOs and GAOs prefer VFAs as their carbon source, and they have a similar biochemistry pathway, except for anaerobic phosphorus release or aerobic phosphorus uptake (Nan & Yan ) . Therefore, one practical approach to maintain efficient and stable operation of EBPR is to enrich the PAOs population over GAOs.
The types of influent carbon source, influent phosphorus to carbon ratio (P/C), pH and temperature also affect the microbial competition (Carvalheira et al. ) . The concept of anaerobic biological selection was initially developed to improve the settling performance of sludge. However, anaerobic biological selector facilitates the growth of PAOs, which store polyphosphate and polyhydroxybutyrate (PHB). According to Zeng et al. () , the key of enhancing anaerobic phosphorus release was to stimulate the synthesis of more PHB. To boost PHB production, the use of pulse substrate feeding was proven to be more effective in comparison to a continuous feeding mode (Rodgers & Wu ) . Moreover, pulse feeding mode is often used to enrich PAOs by creating a higher substrate concentration gradient in the sequencing batch reactor (SBR) (Morgan-Sagastume et al. ). Increasing the substrate concentration gradient is also expected to achieve the enrichment of PAOs.
When the substrate is unable to satisfy the rapid growth of a microorganism, growth rate will decrease, and storage function of the microorganism will be stimulated. On the contrary, if the substrate is sufficient, the microbial growth rate will increase and the storage capacity will decrease. Therefore, the growth of microorganisms can be regulated by means of supply and quantity of the substrate (Ciggin et al. ) . The difference of the substrate absorption capacity of microorganisms, such as PAOs and GAOs, may be also used to screen PAOs. In this study, the sludgeshifting SBR process consists of a continuously-running anaerobic zone (bio-selector) and intermittently running multi-SBRs. The activated sludge of the system could be cycled between high substrate (in anaerobic zone) and low substrate (in SBR) concentration zones and alternated from anaerobic or anoxic to aerobic zones. Meanwhile, the activated sludge in the SBR at a precipitation stage is transferred to another SBR at a reaction stage by the orderly reflux, on the one hand, it enhances decontamination performance by increasing biomass in SBR at the reaction stage, on the other hand, the water filling ratio is increased by reducing the amount of sludge in SBR at the settling stage. In comparison to the conventional SBR process, sludge-shifting SBR improves the phosphorus removal efficiency. Polymerase chain reaction denaturing gradient gel electrophoresis (PCR-DGGE) and fluorescence in situ hybridization (FISH) were used in this research to analyze microbial structures (PAOs and GAOs) and their population changes under different sludge shifting volumes (sludge shifting ratio), which can simultaneously prove the impact of sludge shifting in the process.
MATERIAL AND METHODS

Reactor setup and operation
The sludge-shifting SBR process consists of an anaerobic zone and three SBRs. The volume of anaerobic zone is 4.8 L and each SBR is 16.8 L ( Figure 1 ). Each SBR is equipped with wastewater inlet pipe, outlet pipe, aeration devise, and a sludge bucket at the bottom. Both anaerobic zone and SBRs have a stirring mixture device. The peristaltic pumps are used to feed the influent and shift sludge. Electromagnetic valves and air valves control the influent feeding, sludge shifting (by refluxing), effluent, and aeration.
The SBRs were seeded with sludge from local municipal wastewater treatment plant in Suzhou, China. The domestic sewage was obtained from Suzhou University of Science and Technology sewer network. Table 1 shows the domestic sewage water quality.
The sludge shifting between different SBRs is achieved by refluxing. The volume of sludge shifting in this paper is defined as the ratio of sludge reflux flow rate to influent flow rate, known as the sludge shifting ratio. The sludge-shifting SBR adopted the intermittent operation mode and the duration of each cycle was 288 min (4.8 h). The operational temperature was in the range of 12 C to 30 C. At the aerobic stage, the dissolved oxygen (DO) fluctuated at the range from 2 to 3 mg/L and at the anaerobic stage was less than 0.1 mg/L. The specific operating conditions for sludge shifting are listed in Table 2 . During stable operations, the average sludge concentration in anaerobic zone were 1,050, 1,370, and 1,420 mg/L at 15%, 30%, and 40% sludge shifting ratio, respectively.
Principles of work
The sludge-shifting SBR process includes the following six steps (Figure 1(b) ):
i. The sludge is returned to anaerobic zone through the reflux pump and mixed with influent. In this process, activated sludge uptakes organics to synthesize polymers and releases phosphorus, and then the mixture flows into the SBR. ii. The mixture is mixed with the residual liquid in the SBR last cycle by stirring. Denitrifying bacteria in the activated sludge use nitrates and nitrites remaining in the SBR in the previous cycle to carry on denitrification. iii. The mixture continues to flow into the SBR, in which stirring stops and aeration starts. Activated sludge carries on nitrification, organics oxidation and phosphorus uptake. iv. The mixture stops flowing into the SBR, and the aeration is continued in the SBR to complete the nitration, the oxidation of the organic and the uptake of phosphorus. v. The SBR reactor enters the settling phase for 96 min, then the sludge reflux pump starts to transfer the sludge into the anaerobic zone and eventually enters another SBR with feeding. vi. The SBR enters the drainage/idle phases. At the end of the drainage/idle phase, the sludge reflux also ended. SBR completes a cycle of operation.
In this system, the anaerobic zone is continuously operated, and raw water and sludge are continuously fed in. The sludge is pumped in sequence from the bottom of each SBR through the reflux pump. Each SBR is operated in time sequence to undergo the different stages of the SBR process, namely, feeding, anoxic mixing, aerobic reacting, settling, and decanting. The activated sludge in the SBR at the settling stage is continuously shifting into an anaerobic zone with a high concentration of organic, which provides a favorable environment for the growth of PAOs and reinforces the release of sufficient phosphorus.
The favorable environment includes two kinds of substrate concentration difference as follows:
Case 1: A high substrate concentration difference between anaerobic zone and SBR, which is achieved by intensifying the non-equilibrium conditions. The anaerobic zone serves as a biological selector to screen the microorganisms with high substrate uptake capacity. Case 2: Substrate concentration gradient exists in SBR. The gradient also provides feast-famine, anoxic, and aerobic alternative environment for screening microorganism.
Chemical components analysis
Chemical oxygen demand (COD), NH 4 þ -N, and total phosphorus (TP) were analyzed by standard methods (Walter ) . Glycogen was determined by the anthrone method (Hall & Hatfield  pH were measured online using DO, ORP, and pH meters (WTW 340i, WTW Company, Germany). The mixed liquor suspended solids (SS) were measured by drying the sludge sample for 24 h at 100 C in an incubator, and the ash content was determined by 1 h drying at 600 C, after which the mixed liquor volatile suspended solids (VSS) were calculated. The specific phosphorus release rate equals average phosphorus release divided by the concentration of VSS in the anaerobic zone.
Microbial community analysis
The sludge samples of 0 (seed sludge), 5, 10, 15, 20, and 30 d during the start-up period were taken at the end of the aerobic phase and stored at À20 C immediately.
Fluorescence in situ hybridization
In this paper, FISH was performed according to Ying Hui Ong et al. () , and 16S rRNA probes, including EUB338mix, PAOmix and GAOmix, were used for FISH analysis. The relative abundance of PAOs or GAOs was determined, respectively, as the ratio of the mean image areas with a positive signal for PAOmix or GB to the area with a positive signal for EUBmix. The probe mixtures for total bacteria (EUBMix) contained equal EUB338, EUB338-II, and EUB338-III. The probe mixtures for PAOs (PAOMix) and GAOs (GAOMix) contained equal PAO462, PAO651, and PAO846, and equal GAOQ431 and GAOQ989, respectively. Hybridized cells were enumerated by capturing images with a confocal microscope Leica DM2500 (Leica Instrument Co., Ltd, Germany), using the LA Score software for image analysis.
Denaturing gradient gel electrophoresis and sequencing
Microbial analyses were completed in four stages: nucleic acids were extracted from the samples using a rapid soil extraction kit (MPBIO). To obtain the DNAs for DGGE analysis, sample DNA extracted from the activated sludge was used for PCR amplification (initial denaturation for 5 min at 95 C, 30 cycles of denaturation for 10 s at 98 C, annealing for 30 s at 62 C, and extension for 5 s at 72 C, with a final extension for 5 min at 72 C) using the universal primers GC-341F 5 0 -CCTACGGGAGGCAGCAG-3 0 , Sangon, Shanghai) and 581R (5 0 -ATTACCGCGGCTGCTGG, Sangon, Shanghai). PCR amplification was performed with 1 uL of template DNA (10 uL/ng), 1 uL of each primer (10 uM), 2 μL of ExTaq buffer, 2 uL of dNTP mixture (2.5 mM each), 0.2 μL of Ex-Taq enzyme (Dakara), and 12.2 uL of sterile deionized water. PCR products were analyzed by the DGGE. 5 uL of the PCR samples were loaded into a 6% (w/v) polyacrylamide gel with a denaturant gradient from 45% to 65%, where the 100% denaturant was defined as 7 mol L-1 urea and 40% formamide (v/v) in 1 × TAE buffer (Tris-Acetate-EDTA). Electrophoreses was performed at 60 C and 80 V for 16 h. After electrophoresis, the gel was stained for 30 min with Gel Red (Biotium, USA) and then checked under UV light within a molecular imager (Bio-Rad, USA) The DGGE bands were excised with a sterile scalpel and rinsed twice. After recovery, amplification, and cloning, the products were sent to Sangon Company (Shanghai, China) for sequencing.
RESULTS AND DISCUSSION
Sludge-shifting SBR system performance
The performance of pollutants removal is listed in Table 3 . When the sludge shifting ratio was 30% and 40%, the effluents meet the discharge standard of pollutants for municipal wastewater treatment plant (GB18918-2002), and the phosphorus concentration in effluents is less than 0.5 mg·L À1 .
The phosphorus removal performance of sludge-shifting SBR process at sludge shifting ratio of 0%, 15%, 30%, and 40% is presented in Figure 2 . After 30 days, and the reactor gradually stabilized, and the phosphorus removal performance plateaued out at sludge shifting ratio: 30% > 40% > 15% > 0%. The phosphorus removal efficiencies under sludge shifting ratio of 15%, 30% and 40% is actually much higher than that of 0%.
Phosphorus removal performance was better at the sludge shifting ratio of 30% than that at 40% in the plateau stage. There are three possible reasons for this phenomenon.
(1) The high sludge shifting/reflux ratio (40%) can lead to a shortage of the actual hydraulic retention time in the anaerobic bioreactor which may have an impact on the release of phosphorus sufficiently.
(2) Improving sludge shifting ratio increases the flow rate of reflux liquid, and thus the nitrate concentration in the reflux increases. That damages the anaerobic environment in anaerobic zone, and finally leads to the loss of phosphorus release capacity.
(3) The biomass concentration is more stable at sludge shifting ratio of 30% than that at 40%, which affects the concentration stability of the activated sludge shifted to the anaerobic zone from the SBR settling stage. Sludge-shifting SBR kept the activated sludge continuously recycling at the anaerobic (Do < 0.1 mg/L) anoxic (DO < 0.5 mg/L) and aerobic (2 mg/L < DO <3 mg/L) conditions. The VFAs in sewage were preferentially used to release the phosphorus priority in the anaerobic zone. A higher sludge shifting volume (sludge shifting ratio) enhanced the enrichment of PAOs. Consequently, the process had a good phosphorus removal performance.
Effect of sludge shifting on intracellular polymer synthesis
The substrate experienced the process of absorptionstorage conversion in phosphorus accumulating bacteria in EBPR, and the synthesis and metabolism of intracellular polymers also reflected the characteristics of microbial phosphorus removal. As shown in Figure 3 , compared with the traditional SBR process (R ¼ 0%), the synthesis of PHB was enhanced by sludge shifting to anaerobic zone (R ¼ 15%, 30%, 40%) and the amount of polyphosphate (Poly-P) synthesis also showed the same pattern at the end of the aerobic phase of SBR. Thus, the concentration of polyhydroxybutyrate (PHB) in the anaerobic zone was higher than that of PHB in the anaerobic phase of the SBR, and the concentration of glycogen (GLY) in the anaerobic zone was lower than that in the anaerobic phase of the SBR. The concentration of PHB in the anaerobic zone and the content of Poly-P at the end of the aerobic phase of SBR reached to maximum under sludge shifting ratios of 30%. Under sludge shifting ratio of 40%, the PHB concentration in the anaerobic zone was 35 mg/L, but glycogen synthesis was more than nearly one third of the total amount of glycogen under sludge shifting ratio of 30%. The results suggested that under the appropriate sludge shifting ratios, the activated sludge could synthesize sufficient PHB, which could increase the phosphorus release and phosphorus removal capacity. However, excessive sludge shifting could decrease the PHB synthesis and promote the glycogen synthesis, leading to the decrease of phosphorus removal. The specific phosphorus release rate was 19.1 mg·g À1 (VSS)·h À1 , 24.3 mg·g À1 (VSS)·h À1 , and 23.0 mg·g À1 (VSS)·h À1 at sludge shifting ratio at 15%, 30%, and 40%, respectively (Figure 4) .
As one of the important intracellular polymers, PHB can be used as carbon source, and also as an energy converter in the EBPR process (Mozumder et al. ) . The key to enhance anaerobic phosphorus release by PAOs is to quickly absorb the substrate and stimulate the PHB synthesis in the anaerobic stage. In the sludge-shifting SBR process under a continuous dynamic return mode, anaerobic zone acted as a biological selector with high concentrations of degradable organic substance, which stimulated the phosphorus release of PAOs. The improvement of the anaerobic phosphorus release concentrations and rates, and the increase of PHB synthesis demonstrated that sludge shifting enhanced the capacity of anaerobic phosphorus release by PAOs. However, the phosphorus release capacity of PAOs decreased when sludge shifting became excessive. The presence of the nitrate and DO in the reflux liquid and the reduction of residence time weakened the PHB synthesis, but improved the glycogen synthesis. Thereby phosphorus release declined when the sludge shifting ratio increased from 30% to 40%.
Distributions of PAOs and GAOs under different sludge shifting ratios
The FISH samples were taken at intervals under the sludge shifting ratios of 0%, 15%, 30% and 40%. The proportion of PAOs and GAOs in sludge on the 0th and 30th day under the sludge shifting ratios of 0%, 15%, 30% and 40% was quantified by software analysis (Figure 5 ). On the 30th day, the proportions of GAOs were 35%, 14%, 22%, and 20%, and the proportions of PAOs were 30%, 42%, 46%, and 45%, respectively. The relative abundance of PAOs gradually increased, but the relative abundance of GAOs decreased with increase of sludge shifting ratios. Conversely, the proportion of PAOs decreased under the sludge shifting ratio of 0 (operated as conventional SBR process), whereas the proportion of GAOs had a short falling trend followed by a slow rising trend. According to the biological principle of natural selection, by fast storage and consumption of substrate microorganisms will gain a competitive advantage under feast-famine conditions, and the absorption of the substrate into storage material is the key to the formation of the competitive advantage (Nan & Yan ) . The substrate uptake rate of PAOs was higher than that of GAOs under suitable anaerobic conditions, when organic substrate was sufficient. The appropriate increase in sludge shifting ratio without destroying the anaerobic environment led to the screening of microorganisms at a high substrate concentration in the anaerobic zone. Alternating anaerobic, anoxic and aerobic conditions created a feast-famine cycle in the sludge shifting process. Consequently, it was possible to screen and enrich the phosphorus accumulating bacteria by alternating the organic substrate concentration. From the perspective of intracellular anabolism, the organic substrate contributes to the increase in resultant quantity of PHB and the decrease in resultant quantity of GLY; the intracellular metabolic patterns prefer the latter between glycogen accumulating metabolism (GAM) and phosphorus accumulating metabolism (PAM) (Zhou et al. ) . Thus, the process showed a strong ability to remove phosphorus.
DGGE and sequencing result analysis
In order to investigate the microbial diversity, PCR-DGGE was carried out on the active sludge of 0, 5, 10, 15, 20, 25 and 45 d when the sludge shifting ratios is 30% and results are shown in Figure 6(a) . With the operation of the reactor, the gray values of bands 3, 6, 7 gradually increased, the gray values of the bands 4, 8-11 decreased and the final bacteria disappeared, the gray value of bands 1, 2, 5 keep unchanged and species richness decreased.
The UPGMA clustering analysis was used to analysis community similarity among different time as shown in Figure 6 (b). It showed that microbial community structure in 45 d sludge had the lowest similarity. Community structure of 5 d and 10 d, 15 d and 20 d was almost the same. The sequence obtained in this experiment are shown in Table 4 .
A total of eleven bands with strong intensity were observed in the DGGE band patterns. Bands 2, 3, 4, 5, 7, 8, and 10 belong to phyla Proteobacterium, bands 1, 6 and 11 belongs to phyla Firmicutes, and band 9 belongs to phyla Actinobacteria. Band 1 was identified as Bacillus litoralis. Previously, Bacillus sp. has been described as a novel strain with a good performance of nitrogen removal. For example, Bacillus sp. was isolated from the membrane bioreactor system in which the efficiency of TN removal Fuhs & Chen () pointed out that Acinetobacter sp. is a typical P-accumulating bacterium in activated sludge systems. Band 3 belongs to Pseudomonas, which was speculated to play an important role in the process of P removal in this reactor. Band 4 belongs to Sphingomonas, which has a capacity to reduce organic compounds via oxygenase enzymes (Saunders ) and also has been regarded as a GAO (Zhang et al. ) . Band 5 belongs to Leptothrix, which is a kind of filamentous bacteria, and its excessive expansion will cause sludge bulking. Band 7 was a kind of nitrogen-fixing bacteria (Tarrand et al. ) . Research suggests that the performance of EBPR is related to the content of Accumulibacter in sludge (Ong et al. ) .
The results show that the whole biomass consisted of Proteobacteria, Firmicutes, and Actinobacteria. With activated sludge recycling from high nutrient substrate concentration to low concentration, the populations of Sphingomonas and Leptothrix exhibited a decreasing trend, while Pseudomonas and Azoarcus seemed to increase. Combined with the analysis results of conversion and synthesis of polymers such as Poly-P and PHB, those showed that dynamic cycling of activated sludge under high and 
